Using detailed atomistic simulations, we explore the conformational landscape of aggregates formed by biomimetic antimicrobial (AM) binary methacrylate copolymers, with hydrophobic and charged functional groups and the role of inclusion of polar functional groups on such aggregate morphologies. The effect of sequence of the constituent functional groups on aggregate conformation is also studied by considering random and block sequences along the polymer backbone. Our results suggest that block binary copolymers form large spherical aggregates with effective shielding of hydrophobic groups by charged groups. In contrast, random binary copolymers tend to form more bundlelike structures with exposed hydrophobic groups. The strong aggregation of binary polymers are driven primarily by attractive interactions between hydrophobic groups. However, replacing some of the hydrophobic groups with overall charge neutral polar groups weakens the aggregate considerably, leading to increased conformational fluctuations and formation of loose-packed, open aggregates, particularly in the case of random ternary polymers. Interaction energy calculations strongly suggest that the role of inclusion of polar groups is two-fold: (1) to reduce possible strong local concentration of hydrophobic groups and "smear" the overall hydrophobicity along the polymer backbone to increase the solubility of the polymers (2) to compensate the loss of attractive hydrophobic interactions by forming attractive electrostatic interactions with the charged groups and contribute to aggregation formation, albeit weak. Given that most of the naturally occurring AM peptides have contributions from all the three functional groups, this study elucidates the functionally tuneable role of inclusion of polar groups in the way antimicrobial agents interact with each other in solution phase, which can eventually dictate their partitioning behavior into bacterial and mammalian membranes. arXiv:2002.09672v1 [cond-mat.soft] 
I. INTRODUCTION
Biomimetic antimicrobial (AM) polymers have been a focus of research in recent times due to the possibility of their usage as novel therapeutic agents against infectious pathogens 1-5 . Such polymers are designed based on the basic functional themes present in the large class of naturally occurring AM peptides [6] [7] [8] [9] . The two predominant functional groups identified in the AM peptides are hydrophobic and charged groups, with the cationic functionality of the AMPs providing selective binding to anionic lipids of the bacterial cell membrane by electrostatic attractions, whereas their hydrophobic residues facilitate insertion into the non-polar membrane core. These have been replicated in the design of AM polymers as well. The distribution of hydrophobic and charged groups along the polymer backbone broadly results in the emergence of two distinct classes of polymers: rigid and flexible antimicrobial AM polymers 10, 11 . In either class of antimicrobial polymers facial amphiphilicity, in which the charged and hydrophobic groups are segregated along the backbone has been emerging as one of the key determinants of the antimicrobial efficacy [11] [12] [13] [14] . In AM polymers with rigid backbones, such a facially amphiphilic distribution of charged and hydrophobic is intrinsic in the design [15] [16] [17] [18] . However, the rigida) Electronic mail: grani@imsc.res.in b) Electronic mail: kkuroda@umich.edu c) Electronic mail: vani@imsc.res.in ity of the backbone in addition to their in-built facially amphiphilic nature, might prevent them from acquiring novel structures which could facilitate new modes of insertion into bacterial membrane. To address these issues, there is also substantial focus in designing polymers with flexible backbone to mimic the structural features and functions of antimicrobial peptides, due to their ease of preparation, lower cost and potent antimicrobial activity against a broad spectrum of bacteria 13, 19, 20 . Our previous studies based on methacrylates, combining experiments and MD simulations, revealed that flexible copolymers which lack built-in amphiphilicity can adopt facially amphiphilic conformations at the watermembrane interface [21] [22] [23] .
Several studies have highlighted the role of key structural parameters such as the percentage of hydrophobic groups, ionic groups and molecular weight in modulating the biological activity of AM polymers in order to achieve high antimicrobial efficacy, while minimizing toxicity to mammalian cells 13, 16, 19, 24, 25 . Experimental studies have also shown that it is essential to understand the conformation of AM polymers in solution along with their aggregation potential which can affect their eventual interactions with bacterial membranes [26] [27] [28] [29] . For instance, in one of the earliest simulation study of the solution-based conformational landscape of designed biomimetic polymers based on methacrylate moieties 21 , it was shown that both the length and sequence (arrangement of different functional groups along the polymer backbone) play crucial role in the polymers attaining unique configurations in solution. Experimental studies on comparing the role of sequence of charged and hydrophobic groups on the antimicrobial as well as hemolytic properties of the polymers have indicated that block copolymers can more effectively encapsulate the hydrophobic groups as compared to the random distribution of the same 26, 29 . These findings strongly suggest that not only the percentage of charged and hydrophobic groups, but the sequence in which these groups are ordered along the polymer backbone plays a significant role in driving the polymer-polymer interactions in solutions. Individual polymer conformations in solutions can potentially affect their aggregation behaviour and can eventually affect their interactions with membrane and the consequent membrane disruption modes, which are at the heart of the antimicrobial mechanism of both natural and biomimetic polymers.
Most of the studies have focused on inclusion of only charged and hydrophobic groups as primary constituents of designed biomimetic polymers 2, [30] [31] [32] . However, in such random binary copolymers it is very difficult to optimize the monomer composition appropriately for potent antibacterial activity and reasonable selectivity. Highly hydrophobic polymers form strong aggregates in the solution which might lead to two undesirable consequences: (1) the strong solution aggregate may preclude partition of the individual AM polymers into the bacterial membrane (2) such aggregates may bind to human cell membranes due to non-specific hydrophobic interactions, causing undesired toxicity to humans. On the other hand, low hydrophobic content in the AM polymer may lead to stabilising the structures in the solution and decrease their ability to penetrate into the bacterial membranes. Hence a requisite amount of hydrophobicity is needed to increase the local concentration of the AM polymers for efficient interaction and eventual partitioning of the AM polymers into the membrane which requires a fine tuning of not only the hydrophobic content of polymers, but spreading of the same along the polymer backbone. In this context, more recent works [33] [34] [35] [36] [37] [38] have been focusing in inclusion of new functional groups like polar groups, in addition to charged and hydrophobic groups, which also comes closer to the functional group distribution in naturally occurring AM peptides. This opens up not only new paradigms of designing more effective AM polymers with more nuanced mechanisms, but also helps in delineating the specific contributions of different functional groups of such polymers. Chakraborty et al. using ternary nylon-3 copolymers reported that replacing hydrophobic or charged groups or both by hydroxyl residues can significantly reduce the hemolytic activity of the copolymer compared to their binary counterpart with only hydrophobic and charged subunits 35 . Other studies with charged and hydrophilic groups also exhibited significantly lower hemolytic activity, compared to the methacrylate random polymers with charged and hydrophobic moieties 36 . A polymer brush based implant coating consisting of covalently grafted hydrophilic polymer chain conjugated with an optimized series of AMPs was found to act effectively against biofilm formation and showed good antimicrobial activity, both in vivo and in vitro 37 . Mortazavian et al. used ternary copolymer system to decouple the effects of charged and hydrophobic functional groups 38 . Their study demonstrated that the plausible role played by polar group in the polymer is to reduce the sequential domains of strong hydrophobic monomers, which can modulate polymer chain insertion into bacterial and human cell membranes.
In this work, our aim is to understand the role played by inclusion of polar groups and specific sequence of functional groups along the polymer backbone in the aggregation dynamics of methacrylate copolymers in solution phase using detailed atomistic simulations. In this context, multiple polymers with compositions of binary (only charged and hydrophobic groups) and ternary (charged, hydrophobic and polar groups) and with random and block arrangements of the functional groups are studied in solution phase to understand the individual as well as aggregate morphologies. Our studies show that the role of inclusion of polar groups is to redistribute the effective hydrophobicity along the polymer backbone and result in weaker, yet functionally relevant conformations compared to polymers with strong hydrophobic content, due to larger conformational fluctuations. The sequence of the functional groups also crucially dictates the morphology of the aggregates with block copolymers exhibiting more compact structures. Such loosely packed "weak aggregates" can play a crucial functional role in antibacterial action, by making the polymer dissociation from the solution aggregate easier which might lead to the favourable partitioning of the polymers into the bacterial membrane and consequently membrane disruption. Atomistic MD simulations with explicit water and ions were performed on two classes of model biomimetic copolymers-binary and ternary copolymers. Ternary methacrylate random copolymers ("model T"), consisting of charged ammonium (amino-ethyl methacrylate: AEMA), hydrophobic alkyl (ethyl methacrylate: EMA) and neutral hydroxyl (hydroxyl methacrylate: HEMA) groups as shown in Fig. 1 , are modelled with degree of polymerization (DP) = 19. The chosen composition of ternary copolymer (AEMA-6, EMA-8 and HEMA-5) has been shown to be optimal for antimicrobial activity and also shows significantly reduced hemolytic activity 38 . To understand the role played by sequence of functional groups, we performed simulations involving ternary polymers which have a block arrangement of functional groups, consisting of same % of groups as model T but having blocks of sequences 6(AEMA)-5(HEMA)-8(EMA) along the polymer backbone ("model TB"). Further, to highlight the role of inclusion of polar hydroxyl functional groups, control simulations without them involving only binary compositions of charged (AEMA) and hydrophobic (EMA) monomer units in random ("model B") and block ("model BB") configurations, were also performed. The degree of polymerization was kept same as for ternary polymers and the number of monomers per chain was taken to be 6 (AEMA) and 13 (EMA). Details of the composition of various subunits in the model polymers are summarized in TABLE I and the detailed chemical structures of all the four model polymers are shown in Figure 1 of the Supplementary Information. It is important to note that for all the model polymers, the number of charged functional groups are fixed to be 6 per polymer in agreement with Mortazavian et al 38 , where it was found that despite differences in EMA composition, the minimum inhibitory concentration (MIC) values of all polymers start to level off at ∼ 30% of AEMA and charged groups above 30 % do not increase the antimicrobial activity of the polymer. This proportion of charged group is also comparable to net positive charge of most natural AMPs 14 .
II. MODEL AND SIMULATION METHODS

OH
A single polymer chain for each system was built in an extended conformation and solvated with TIP3P 39 water. The total charge of a single polymer chain in each of the system was +6e, and requisite salt ions were added to both neutralize the systems and to maintain 150 mM salt concentration to mimic physiological conditions in each case. All simulations were performed with the NAMD 2.9 simulation package 40 and the simulations were performed in a rectangular 3-D box with periodic boundary condition applied. Each system of polymers was first energy minimized with the conjugate gradient method. Single polymer chain simulations were done with 2 fs timestep and performed in the (isothermal -isobaric) NPT ensemble for 2 ns. Next, systems of aggregated polymers were built by selecting 10 random conformations from the single polymer simulation trajectory. This group of 10 initially dispersed polymers for each model (T, TB, B and BB) were placed in a TIP3P water with a minimum distance of 12 Å between any polymer atom and the box side, under periodic boundary conditions and 150 mM of NaCl salt concentration was maintained to neutralize the system. Initially, the systems were energy minimized with conjugate gradient method and equilibrated with 2 fs timestep for 5 ns of NVT simulation to stabilize the system and all the subsequent runs for atleast 150 ns were done in the NPT ensemble (All the polymer systems and simulation details are listed in TABLE 1 of Supplementary Information). All the MD simulations were performed at constant temperature maintained at 305 K with Langevin dynamics at a collision frequency of 5 ps −1 , and a pressure of 1 atm was maintained through Langevin piston 41, 42 . Electrostatic interactions were calculated by the Particle Mesh Ewald method 43 and the cut-off for non-bonded interactions was set to 12 Å, with smoothing starting from 10 Å. The parameter values for the polymers were adopted from the CHARMM force field 44 and previous simulations [21] [22] [23] . The largest aggregate in each run is extracted for further analysis to understand the properties of the aggregation dynamics of model polymers in solution. Three independent simulations were performed for each model polymer with different initial configurations of dispersed polymers. The visualization was done using software VMD 45 and the analysis for the polymer aggregates was done by taking average over multiple independent runs, unless otherwise stated, using TCL scripting language which is embedded with VMD. In this Section, we study the role of inclusion of polar functional group and also the importance of understanding how sequence of functional groups in the AM polymers
III. RESULTS
A. Morphology of the aggregates
Model
Arrangement Group sequence Largest Aggr. size, N agg S1, S2, S3 Binary copolymers (AEMA-HEMA) 4   TABLE II . Summary of the models polymers and their largest aggregation size, denoted N agg , at the end of 150 ns NPT simulation runs. In each case, initial configuration consists of 10 randomly dispersed polymers in a box of water and ions. Here, R and B denote random and block arrangement, groups in the polymer are represented as E (hydrophobic EMA), A (cationic AEMA) and H (Polar HEMA).
affect the morphology of the aggregates in solution. All the polymers with and without polar groups and with random and block arrangements of functional groups form aggregates in the solution, albeit with different morphologies and intra-aggregate interactions similar to the previous experimental results 26 . Illustrative snapshots of the aggregates in solution, at the end of one of the representative simulation for all the four models are shown in Fig 2. Each model was independently simulated three times to confirm that the final aggregation morphology is independent of the starting state of the polymers and to ensure reproducibility of results (see Supplementary Information Figure 2 for more details). In Table II , we present the sizes of the largest stable aggregate formed for each model polymer within the simulation time, with the number of polymers in this aggregate denoted as N agg . Visual inspection of the trajectories indicate that the evolution of aggregates for different polymer models is markedly different-the aggregates formed from random binary (model B) polymers form relatively compact assemblies displaying significant entanglement of the constituent polymers while the random ternary polymer (model T), with partial replacement of hydrophobic EMA groups by hydroxyl HEMA groups, form somewhat more open and comparatively less entangled aggregates. The binary block copolymer (model BB) form larger sized aggregates, showing a star-like micellar conformation with a dense hydrophobic core surrounded by charged subunits, exposed to water solution. The ternary block (model TB) also form large aggregates compared to its random counterpart, though in this case the HEMA group remains clustered between EMA and AEMA monomers. Our aim now is twofold, to analyse (a) the effect of inclusion of polar groups (binary vs ternary) and (b) the effect of variation in the sequence of the AEMA, EMA and HEMA groups along polymer backbone (block vs random) on the shapes and sizes of the aggregates formed.
Shape Parameters -We consider two shape parameters 46, 47 , eccentricity (ε) and prolateness (∆) to describe the morphologies of aggregates for the four model polymer systems, both of which are calculated from the moment of inertia tensor (I) of the aggregate as:
where I min and I avg denote the minimum and the average values of the principal moments of inertia (I 1 , I 2 and I 3 ). For perfectly spherical objects ε, ∆ = 0 and ε = 1 for linear objects while negative and positive values of ∆ correspond to oblate and prolate ellipsoid shapes.
The results for probability distribution of these shape parameters of the aggregates formed from the model polymers over the time from the start of stable aggregation formation till the end of the simulation run are shown in Figure 3 . Data in Figures 3(a) and 3(b) shows that the mean and width of the distribution of eccentricity (ε) values of ternary polymer aggregates are larger than those of binary polymer aggregates (B and BB models), suggesting a more extended structure and also the fluctuating dynamic conformations in case of the model T and TB aggregates. The average value of ε is smaller for the aggregates formed from block polymers (BB, TB) compared to random polymers (B, T) and this strongly shows that aggregates formed from block polymers are more compact compared to the aggregates formed from random polymers. The probability distribution of the prolateness (∆) for all the four models is shown in Figures 3(c) and 3(d) and the data confirms that the block polymers indeed form more spherical and compact structures (∆ ≈ 0) but the random polymers with negative values of ∆ quantify the oblate shape of their aggregates. The data also suggests that the conformational dynamics of the aggregates formed by the random ternary polymers is much higher than that of random binary polymers. The fluctuations in the values of both ε and ∆ can be seen from the time evolution over the last 20 ns of simulations, as shown in Supplementary Information Figure 3 (a).The shape parameters (ε and ∆) thus demonstrate the following -the shape parameter values for aggregates in which the hydrophobic content is large and which have no additional polar groups (as in model B and model BB aggregates) are narrowly distributed, hence displaying less variability in their conformations. On the other hand, the aggregates of the polymers having polar HEMA groups (model T and model TB aggregates) show significantly larger variance in the values of the shape parameters. This underlines the role of the polar HEMA groups in inducing conformational fluctuations in these aggregates. However, the ∆ and ε data does suggest that on the average, the block polymer aggregates (model BB and model TB) have a closer to spherical morphology as compared to their respective random polymer aggregates counterparts. This is likely due to the presence of hydrophobic groups distributed across the backbone of the random polymers, which then leads to the gluing of the polymer chains in a more bundle-like conformation.
Size measures -One of the measures of aggregate dimensions and stability is the radius of gyration 48 , defined as the root mean square distance of the constituents of the aggregate from its center of mass. We compute the radius of gyration R g of the aggregates as a function of time over the last 30 ns of the simulations for random polymer aggregates with N agg = 4 and block aggregates with N agg = 5, as shown in Fig. 4(a) . We observe that in both cases, the ternary aggregates exhibit a higher R g value, highlighting the role of polar HEMA groups in inhibiting formation of strong, well packed compact aggregates. Interestingly, the R g value of model T aggregate is comparable to the R g value of model TB aggregate, even though the aggregate size N agg is larger for model TB aggregate (4 vs 5) . This in particular shows that the random ternary (model T) polymer aggregate has the least compact structure amongst the polymer aggregates considered here, forming a loose and open aggregate conformation.
Solvent Accessible Surface Area and aggregate-water interaction -Structural properties of the aggregates can also be inferred by measuring the Solvent Accessible Surface Area (SASA) 49 of the aggregate and average SASA of the aggregate per polymer, since N agg varies with the polymer model considered, is shown in Figure 4(b) . The total SASA values per aggregate is also calculated ( Supplementary Figure 4) and was calculated with a spherical probe of radius 1.4 Å. The higher values of total SASA for block polymer aggregates as compared to random polymer aggregates is due to micellar structure that are formed with predominant exposure of both charged (AEMA) and polar (EMA) groups to solvent and efficient sequestration of hydrophobic EMA groups at the core. The random arrangement of functional groups along the polymer backbone frustrates such efficient partitioning of the polymers in an aggregate resulting in lower SASA values. This in particular is true for binary random polymer (model B) aggregate, which has the lowest SASA value of all the polymer aggregate models. The importance of sequential arrangement of the functional groups along the polymer backbone can be seen in significant differences of overall SASA values for for binary random and binary block polymer aggregates. We have also measure SASA/polymer and those results (Figure 4(b) ) show that for ternary polymers, the SASA values are not appreciably different between the random and ternary polymer aggregates. To quantify the nature of interaction between the aggregates and bulk water in general and to estimate the exposure of hydrophobic core to water in particular, the radial density of water is calculated as a function of distance from the aggregate center of mass by counting water molecules in 0.1Å of shell width around the center of mass and compared with the radial density of the aggregate itself ( Figure 5 ). We observe that in case of model T aggregate ( fig. 5(a) ), the density of water is already non-zero very close to the COM of the aggregate but it slowly increases to reach the maximum bulk density far from the center of mass. This underscores that the core of the model T aggregate is weakened with significant exposure to water (a plausible consequence of the presence of hydrophilic HEMA groups which favour interactions with water) and further, that it has a loosely packed, somewhat open structure, as was also deduced by our previous analysis. On the other hand, in case of the model TB aggregate ( fig. 5(b) ), non-zero water density only starts to appear at ∼ 5 Å from the center of mass, indicating that it has a comparatively strong hydrophobic core. However, in general we observe that nonzero water density starts earlier and shows a comparatively slower rise to reach bulk water density in case of ternary aggregates as compared to the binary aggregates. This suggests that the presence of HEMA groups results in formation of loosely packed aggregates which adopt more extended conformations. For model B polymer system ( fig. 5(c) ), we observe that non-zero water density starts away from the center of mass and it increases sharply to reach the maximum bulk density, confirming its compact aggregate structure with relatively high hydrophobic density near the center of mass, again showing good agreement with our previous analysis. In case of the block binary model BB ( fig. 5(d) ), water den-sity is zero for a long distance from the center the aggregate. This, in conjunction with the radial density profiles of EMA and AEMA groups (Supplementary figure 5 ) and our previous analysis, clearly shows that in this case, large sized aggregates are formed whose hydrophobic core is densely packed with EMA residues, is relatively impermeable to water and is surrounded by charged residues in a spherical micellar conformation (in case of model TB aggregate as well, the radial density profiles (Supplementary figure 5 ) exhibit that the charged residues primarily lie on the boundary of the aggregate surrounding the EMA and HEMA groups). Our data allows us to make the following conclusionsblock polymer systems tend to form larger aggregates as compared to random systems. Further, binary aggregates form well packed, compact aggregates while the block binary aggregate displays a spherical micellar conformation with a strong hydrophobic core which is almost impermeable to water, surrounded by charged groups, the random binary aggregate displays a more ellipsoidal shape. Finally, presence of polar HEMA groups leads to conformational fluctuations and in general results in formation of loosely packed, open aggregates, particularly in the case when the groups are randomly distributed along the polymer backbone. Such loosely packed "weak aggregates" can play a crucial role in antibacterial action. In these cases, polymer dissociation from the aggregate can occur, with polymer-lipid head groups of the bacterial membrane interactions becoming favourable over polymerpolymer interactions more easily, as compared to well packed, stable aggregates 23, 50 . This can lead to polymer insertion into the bacterial membrane and thus, membrane disruption and eventual cell death. The results also show that a high hydrophobic content can result in a strong aggregate and this can result in two undesirable results: their interactions with bacterial membranes may be ineffective or they can be highly toxic to mammalian membranes 26, 29, 51 . A possible role of the polar HEMA groups can be to modulate the intra aggregate interactions and affecting polymer-membrane interactions. In the next section, we study how the inclusion of HEMA groups can affect the inter-polymer binding, to highlight its role in the partitioning of the polymers from the aggregate phase to the membrane phase.
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B. HEMA groups in aggregation dynamics -binary vs ternary
In this section, our aim is to understand the role of the polar HEMA groups on aggregation dynamics, in particular the effect of replacing hydrophobic EMA groups by polar HEMA groups on the stability of aggregates formed, particularly in case of random aggregates (models B and T). In this context, we first note that the total van der Waals interaction energy is higher for the model B aggregate, as expected due to the presence of more hydrophobic EMA groups. However, the question then arises whether the same is true even after the effect of the presence of higher proportion of hydrophobic moieties is discounted. Our data in Figure 6 (a) shows that indeed this is the case, with the the total van der Waals energy per EMA group remaining appreciably more attractive for the model B aggregates. This indicates that on the average, EMA-EMA interactions are strongly attractive in this case and thus, contribute considerably to the stability of the aggregate. On the other hand, for the model T aggregate, the interactions are much weaker due to the presence of polar HEMA groups, which clearly impede the formation of a strong aggregate. However, the electrostatic interactions between models B and T are not significantly different due to the presence of same number of charged AEMA groups in both the set of polymers ( Figure 6(b) ). Therefore, the more attractive van der Waals interactions in the model B aggregate is a clear indication that the hydrophobic EMA groups primarily drive the aggregation formation for model B polymers. This is further illustrated by considering the inter polymer and intra polymer contact probabilities of the EMA-EMA moieties, as shown in Fig. 7 . A contact between two EMA groups is said to exist if the two are within 7 Å of each other and is classified as an intra-contact if the EMA groups belong to the same polymer or as an inter-contact, otherwise. We deduce from Fig. 7 that in case of the model B aggregate, as it evolves, the inter polymer contacts match the intra contacts, which strongly suggests that polymers in the aggregate are entangled with each other and consequently, it has a much more tightly interwoven structure, driven primarily by EMA-EMA interactions. However, this is manifestly not true for the model T aggregate, in which case the intra contacts always remain higher than the inter contacts, which indicates that the EMA-EMA interactions are not the primary driver of aggregation dynamics in this case. It also suggests that the individual polymers in the model T aggregate are most likely in a self-compact structure with more intra-polymer contacts and fewer inter polymer contacts. This is further proof that the partitioning of the polymers from the aggregate will be significantly easier in model T polymer aggregates than for model B polymer aggregate. Role of HEMA groups in ternary aggregation -For the ternary polymer model T, the number of charged AEMA groups remains the same with polar HEMA groups replacing ∼ 40% of the hydrophobic EMA groups as compared to binary model. With the reduction in number of EMA groups in the ternary polymers, it is important to probe the aggrega- tion dynamics and the effective attractive interactions in the aggregate. The HEMA groups contribute to both electrostatic and van der Waals interactions in the aggregate and the results are shown in Fig.8 . In Fig. 8(a) , the radial distribution function, g(r), between HEMA-AEMA and HEMA-EMA groups strongly exhibits the robust attractive electrostatic interactions between the hydroxyl groups of HEMA and amide groups of AEMA in the aggregate. This underscores the role of effective attractive electrostatic interactions between the model T polymers in offsetting the repulsive interactions between the AEMA groups. This effect can be captured in the computation of electrostatic interactions between AEMA and HEMA groups, as shown in Fig. 8(b) plotted as interaction energy, which shows that the effective electrostatic interactions between HEMA-HEMA groups and HEMA-AEMA groups are attractive in nature. The repulsive electrostatic interactions between AEMA groups are also shown for reference.
Regarding the van der Waals interactions between EMA groups in model B and between (EMA+HEMA) groups in model T, Fig. 8(c) shows that even after replacing 40% of EMA groups with HEMA groups, the van der Waals interactions per non-charged functional groups are not affected significantly. As can be seen from Figure 1 , the polar HEMA groups have the same side group as hydrophobic EMA groups, albeit an addition of OH moiety, suggesting that HEMA groups also contribute to the overall hydrophobic content of the polymer. So, while there is significant difference in EMA-EMA group interaction energies in models B and T (as seen in Fig. 6(a) ), if we compute the effective hydrophobic interaction energy by including HEMA groups as well ( Fig. 8(c) ), the difference between models B and T is significantly reduced. Given that the polymers considered here have 30% charged functional groups, the interactions that drive the aggregation of the polymers in solution have to be van der Waals interactions, which should be able to efficiently overcome the repulsive electrostatic interactions. However, for the polymers like AMpolymers, whose functional goal is to disrupt the bacterial membranes as well as be non-toxic to mammalian membranes, a subtle balance of hydrophobic content with effective weak intra-aggregate interaction is needed for efficient action as membrane active agents. In this regard, the analysis presented here strongly supports the role of inclusion of polar HEMA groups as a tuning parameter for aggregate formation as well as for formation of weaker aggregates. By contributing to the overall hydrophobicity, though smeared along the polymer, the HEMA groups contribute effectively towards formation of aggregates, overcoming the charged group repulsion. They also form attractive electrostatic interactions with the charged groups, effectively neutralising them and contribute further to aggregate stability. However, due to their higher propensity to water and lowered individual hydrophobic content, the HEMA groups preclude the polymers from forming a strong hydrophobic core as can be seen in the binary model B polymers. The present simulations clearly depict that replacing the strongly hydrophobic EMA groups by polar HEMA groups helps in 'smearing' the overall hydrophobicity while retaining the overall non-bonded energy and rendering the aggregates of such polymers optimally weaker in solvent than those with a higher content of hydrophobic groups. This should be reflected in how the aggregates of model T and model B polymers effectively interact with bacterial membranes and consequent partitioning of the polymers from the aggregate into the membrane.
IV. DISCUSSION AND CONCLUSION
In this study we have investigated the role played by inclusion of polar groups into methacrylate copolymers on the aggregation dynamics in solution phase using atomistic molecular dynamics simulation. The four model polymers considered in this study have a flexible backbone and consist of charged and hydrophobic (binary polymers) or charged, polar and hydrophobic subunits (ternary polymers). The components of the copolymers are either placed randomly (models B and T) or in block sequence of groups (models BB and TB) along the polymer backbone. The chosen composition of ternary copolymers has been shown experimentally to be optimal for antimicrobial activity and also shows significantly reduced hemolytic activity 38 and one of the main goals of the present study is to understand the role played by inclusion of polar HEMA groups on the pre-membrane interaction stage which is the multiple ternary polymers interactions in solution phase. Both binary and ternary polymers form aggregates in water while displaying markedly different aggregation dynamics. We analyse the morphology of the aggregates and discuss how the presence of polar groups and the role of sequence of various subunits along the polymer backbone affect the aggregation conformation in solution. Our data suggests that block polymers tend to form larger sized aggregates compared to their random counterparts. While the ag-gregates of only charged and hydrophobic functional groups form well packed, compact aggregates, there are differences with respect to the sequence of such groups along the polymer backbone: block binary (model BB) aggregate displays a spherical conformation with a remarkably strong hydrophobic core which is almost impermeable to water surrounded by charged groups, the random binary (model B) aggregate displays a more ellipsoidal shape with relatively weaker core displaying higher permeability to water. This observation is in very good agreement with scattering experiments and fluorescence imaging of aqueous block and random copolymers, which suggest that intermolecular critical aggregation concentration (CAC) of the random copolymers is much higher than that for the aqueous block copolymers, displaying weaker hydrophobicity in the random copolymer model 29 . We note that the dense hydrophobic core, surrounded by charged units, can help in shielding the hydrophobicity of block copolymers and reduce their non-specific hydrophobic binding to the mammalian membranes, preventing undesirable hemolytic activity. On the other hand, experimental studies have exhibited that random copolymers might not be able to effectively hide the hydrophobicity of copolymer, as indeed can be deduced from our analysis, and may thus bind to human membrane and cause hemolysis 26, 29 .
We then exhibited that the presence of polar HEMA groups induces conformational fluctuations and in general, results in the formation of loosely packed, somewhat extended aggregates, particularly in the case when the groups are randomly distributed along the polymer backbone. Analysing the effect of polar subunits on the binding energies of the inter-polymers in the aggregate showed that replacing the strongly hydrophobic groups by polar groups disperses the overall hydrophobicity of the aggregates while retaining the total attractive van der Waals interactions and counteracting the strong repulsive electrostatic interactions between the charged groups. The HEMA groups also form attractive electrostatic interactions with both charged AEMA and polar HEMA groups further contributing to aggregate formation. Nonetheless, the overall hydrophobicity which drives the aggregation binding and stability is significantly reduced in the ternary aggregates. Such polymers therefore make weaker aggregates in solution phase than those with a higher content of hydrophobic groups. This can have a profound effect on the interaction of the polymers with bacterial membranes as it has been shown that one of the driving forces for partitioning of the polymers from aggregates into the membrane is the relative interaction energy experienced by the polymer in the aggregate and the polymermembrane interaction energy 23, 50 . The weak ternary aggregates, upon interacting with bacterial cell membrane, might therefore drive faster dissociation of polymers from the aggregate and consequent polymer insertion and membrane disruption, due to polymer-lipid head groups interactions becoming favourable over polymer-polymer interaction more easily, compared to the densely packed, stable binary aggregates. Therefore, such weak aggregates can positively impact the lysing action of synthetic antibacterial copolymers on bacterial cell membranes.
The results presented in this study delineates the possible role of the neutral polar groups as a modulator which can suitably tune the effect of hydrophobic and charged groups in the polymer aggregates, by smearing the overall hydrophobicity in the aggregate and compensating for the strong repulsive interactions between the charged groups. Our data shows that, under fixed charged subunits composition (comparable to net positive charge of natural AMP 14 ) and same degree of polymerization, ternary copolymer systems can be considered as better biomimetic antibacterial copolymers compared to binary systems with only charged and hydrophobic moieties. This is because the compact binary random assemblies with higher proportion of hydrophobic constituents might cause undesired toxicity to humans due to their nonspecific hydrophobic interactions. On the other hand, while the hemolytic activity of block binary copolymers is reduced due to more effective confinement of the hydrophobic groups, the aggregates formed in this case are densely packed and spherical shaped with strong hydrophobic cores. Such well packed, stable aggregates can inhibit the dissociation of polymers from the aggregate, negatively impacting their antibacterial action, which results from membrane disruption due to insertion of dissociated polymers. This is in broad agreement with experimental studies 22, 52 which have observed the levelling off of antimicrobial activity for highly hydrophobic polymers. In our previous work 23, 53 , utilizing MD simulations, we had studied the interaction of aggregates of E4 polymers having charged and hydrophobic groups as constitutents, with the bacterial membrane patch. It was shown in this case that polymers are released into the bilayer from the aggregate due to weak polymer-polymer interactions, which are overcome by polymer-anionic lipid interactions. However, E4 polymer have 7 charged ammonium charged groups and 3 hydrophobic groups in a polymer chain (with degree of polymerization = 10). The smaller hydrophobic content of the studied E4 polymers in the previous studies, mentioned above, can also explain the weaker aggregate formation resulting in efficient membrane partitioning. However, most natural AMPs 14 have only 30% net positive charge and experimental studies have also indicated that anti-microbial activity of polymers starts to level off when charged groups are more than ∼ 30% of composition 38 . Therefore, some charged groups in E4 polymer may be excessive and not necessarily required for potent anti microbial activity. On the other hand, a high hydrophobic content can lead to strong aggregate formation decreasing the efficacy of the AM polymers. To balance these two aspects our present data elucidates the critical role played by the introduction of neutral hydrophilic groups into synthetic AM polymers leading to effective aggregation dynamics, consequently on the antibacterial action of such polymers. In particular, our work conclusively highlights the importance of optimum proportion of charged and hydrophobic groups, in addition to the specific role of polar HEMA groups, in reducing the formation of inter polymer contacts of strong hydrophobic groups, thus affecting the aggregation dynamics of ternary copolymers in solution. The results also show that apart from the composition of the AM polymers, the sequence of the functional groups also plays an important role in not only the aggregate formation but in the intra-aggregate interactions re-sulting in either weak or strong aggregates. This can result in an enhancement of the antibacterial activity and reduction of hemolytic activity of such biomimetic polymers in membrane environment. We also note that natural AMPs have several more functional residues other than only charged, polar, and hydrophobic units [54] [55] [56] [57] [58] . The design of polymers, mimicking AMPs in displaying optimised compositions of a multitude of subunits, is of particular significance since it can lead to the development of potent antibacterial agents that can act against a broad spectrum of bacteria. Our present work paves the way for the design of such polymers. 
